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ABSTRACT 
Optical characterization of chemically doped and/or intercalated thin layers graphene : 
Raman and Contrast Study 
Naeyoung Jung 
 
This thesis describes the Raman and Contrast change in chemically doped and/or 
intercalated thin layers of graphene with halogen gases, FeCl3 and alkali metals. The first 
chapter introduces graphene and graphite intercalation compounds(GICs). It will also 
briefly explain Raman of the graphitic compounds including GICs. 
The second chapter presents doping status of halogen molecules doped graphene. 
The Raman spectra of the graphene G peak as a function of different number of layers 
implies the doping structure of few layers graphene. The adsorption-induced electric 
potential difference between surface and interior layers implies that a band gap opens in 
the bilayer type bands of I2 doped 3 L and 4 L.  
The third chapter investigates graphene enhanced raman signal of halogen 
molecules adsorbed onto and intercalated into graphene. We analyze and model the 
intramolecular electronic, charge transfer, and multiple reflection electromagnetic 
mechanisms responsible for the unusual sensitivity. We attribute the large Raman signal 
from both adsorbed iodine and intercalated bromine species to intramolecular electronic 
resonance enhancement.  The signal evolution with varying graphene thickness is 
explained by multiple reflection electromagnetic calculations.   
The fourth chapter explains how the graphene to adjacent graphene layers 
decouple by expanding lattice distance with insertion of FeCl3 intercalants. Raman 
measurement proves that adsorbed FeCl3 can easily be washed off by acetone while 
intercalated FeCl3 is relatively intact by impermeable graphene layers. 
The fifth chapter considers alkali metal intercalated few layers graphene. We try 
to understand how the extreme electronic properties of alkali doped bulk graphite 
develops in few layer thick intercalated graphenes, as a function of the number of layers, 
starting from a single graphene layer with adsorbed alkali atoms to several graphene 
layers intercalated with alkali metals. We study both optical reflectivity and Raman 
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Raman of Graphitic materials: Theory and experiment 
Raman measurement is a powerful nondestructive and noncontact analytical tool to study 
graphitic materials consisted of carbon sp2 network bonding. This chapter will introduce 
















1.1 Introduction to graphene and its derivatives such as Graphite 
Intercalation Compounds(GICs) 
Single atomic layer graphene is an optically transparent semi-metal membrane, 
whose extreme physical strength and high electrical conductivity result from extensive pi 
electron conjugation. Graphene layer can be simply understood as consisting unit of 
graphite which is widely used as a pencil lead. In 2004, Geim and Novoselov at the 
University of Manchester succeeded in separating graphene from graphite by rubbing the 
graphite flakes using the scotch tape on the silicon substrate.1 Peculiar electronic,2-5 
chemical,6-7 mechanical8 and other physical properties of the obtained 2-D graphene 
flakes using this so called micromechanical cleavage method draw a big explosion like 
interest from many science fields. 
Graphene is a member of the fullerene structural family which is of the sp2 
graphitic carbon systems including 0-dimensional fullerene, 1-d carbon nanotube, 2-d 
graphene and 3-d graphite. These all sp2 graphitic carbon systems are conducting 
materials due to free pi-bonding electrons along with 3 sigma bonding sp2 electrons 
around one carbon atom. Except fullerene which may contain heptagonal rings, all the 
other sp2 graphitic carbon allotropes have 6-members rings only. And these materials can 
be made solely from graphene by stacking to graphite or by rolling up to carbon nanotube. 
Another well-known allotrope of carbon family is diamond which is consisted of sp3 
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electrons can move across to both nearest and the next nearest atoms creates 3D 
electronic energy structure of the π and π* band graphene as Figure 1.2. K and K’ point is 
where the conduction and valence band touches each other for pristine single layer 
graphene as it is called semi-metal.9 If we exclude the possibility of the electron hopping 
between the next nearest atom, the energy band become symmetric. In that case, around 
the Dirac-point (K-point), linear energy spectrum with the given slope of fermi velocity 
(vF~1x106m/s) can be drawn.  
Graphite is the stack of graphene layers. Graphite is also semi-metallic which can 
be used as electrical conductor.  Also, due to the loose interlayer coupling, graphite is 
generally used as lubricant in industry. Graphite is the most stable form of the carbons 
under 1atm 23C. 
Graphite intercalation compounds are stoichiometric compounds, a certain ratio of 
graphite and intercalant materials, which is inserted between the layers of graphenes. 
There are more than 100 intercalant materials ranging from halogen gases, alkali metals 
to big molecules such as fullerene.10-13 Intercalant materials are generally categorized as 
donor or acceptor material by comparative electron negativity to graphene layers, 
resulting in n-doping or p-doping of graphene. Halogen gases are serving as good 
electron acceptor, since it withdraws electrons from graphene and become partially 
charged anions. Alkali metals are donor materials since it donate electrons to graphene. 
Even big molecule such as fullerene is known to be inserted between graphene layers.10,13 
Graphite intercalation compounds exist as staged compounds proved by X-ray 
and neutron scattering experiments.10,14 Number of stage means number of graphene 
layers per single intercalant layer. Figure 1.3 is the schematic diagram of different stage 
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graphite intercalation compounds. Stage N compound indicates that there are N layers of 
graphene per single intercalant layer. So the stage 2 intercalation compound means every 
2 layers of graphene there are 1 layer of intercalant layer. Since graphite intercalation 
compound exists as stable anisotropic layered structures with this staged structure, 
intercalate layers are periodically arranged in a matrix of graphite layers. 
 
 
Figure 1.3 The schematic diagram of different staged graphite intercalation compounds. 
 
 Graphite Intercalation Compounds draw much interest due to its diverse 
characters via controlled variation of many physical and chemical properties over wide 
ranges.10 Graphene can be easily doped by gaseous molecules such as NO2 or H2O due to 
its semi-metallic character with Dirac-cone shape in Fermi level without doping; very 
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low free carrier concentration(~10-4 free carriers/atom at room temperature).15 Due to 
strong stabilization by the doping effect, there are diverse intercalants materials which 
will render GICs to have different electrical, thermal and magnetic properties from the 
host materials.10 Foremost, increased electrical conductivity exceeding that of copper 
with one-third weight probably attracted the greatest attention.16 Highly anisotropic 
electrical conductivity behavior ranging from in-plane superconductivity with almost 
insulating behavior of alkali metal such as potassium of earth alkaline metal as calcium 
was even more striking enough to draw much attention.17-19 However, this large 
conductivity is compensated with the low mobility due to many scattering sites.20 
 
1.2 Introduction to Raman of graphitic systems 
Raman spectroscopy is the measurement of the light inelastically scattered from 
physical systems including molecules or solid crystals.  The Raman scattered light occurs 
due to Raman active vibration, rotation, and other low frequency modes of molecules or 
collective Raman active phonon modes of solid crystals. Typical applications are in 
structure determination, qualitative and quantitative characterization of physical and 
chemical components of the system. Since Raman measurement is non-destructive 
spectroscopy and do not require any special pre-treatment, it can be applied very easily to 
any kinds of samples including graphitic systems such as graphene and carbon nanotubes. 
  There are 3 characteristic Raman peaks in graphitic carbon systems as shown in 
the figure 1.4. The first notable peak is the G peak which is corresponding to the stretch 
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upshifting for low electron and hole doping.24 And it starts to downshift for high electron 
doping as opposite direction compared to low electron doping and upshift for high hole 
doping as same as low hole doping. This effect can be used to quantify the doping 




Figure 1.5 Reciprocal stage (1/n) dependence of the Raman frequencies for various 
donor and acceptor intercalants.10 
 
As stage number increases the electron/hole transfer amount to graphene 
decreases due to less amount of intercalant per graphene layer. Also due to screening 
effect, only adjacent graphene layers to intercalant will be highly doped while protected 
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inner graphene layers from direct contact from intercalant will be less. This difference in 
doping can be studied with Raman experiment. Raman of stage 1 compounds shows the 
highest single G peak shift while stage 2 compounds show less upshifted single G peak 
due to less charge transfer.10,25 It can be easily understood since stage 1 graphene will be 
doped by two adjacent intercalant layer while stage 2 graphene will be only doped by one 
adjacent intercalant layer while other surface is protected by graphene layer.  
In similar reason, stage 3 compounds show one largely upshifted G peak (G+) due 
to outer layer while inner layer show small upshifted G peak (G-). Stage 4 compounds 
will show similar intensity of large upshifted G+ and less upshifted G- peaks. Raman G 
peak analysis was used as a good analytical tool to study the structure of graphite 
intercalation compounds (GICs). Due to high chemical doping of GICs, as the number of 
stage decreases (corresponding to higher doping), the G peak in Donor intercalants GICs 
downshift while the G peak in Acceptor GICs upshift as shown in Fig 1.5.  
The graphene Raman D peak at 1350 cm-1 is an indicator of the intrinsic defects. 
Basal plane chemical reaction that disrupts the π-conjugation with conversion of sp2 
carbon atoms to sp3 carbon atoms will induce D peak. So, general wiggles or 
physisorption of molecules or else on graphene does not induce D peak while chemical 
modification such as hydrogenation or oxidation induce strong D peak.7,26 We can also 
quantify the number of defects in graphitic materials from comparison of D peak to G 
peak intensity.27-28 
The last significant peak is 2D peak which is the second order of D peak, so its 
frequency is exactly the double of D peak. Some authors prefer to call it G’ band which is 
conventional notation as is used in many graphite and nanotube literatures, to avoid 
11 
 
misleading connection such as disorder induced peak and the abbreviation of two 
dimensionality. Both D and 2D peak bands exhibit a dispersive behavior which means the 
peak position (the frequency) of D and 2D peak is depending on the laser wavelength 
(excitation energy). The D-band frequency upshifts linearly with increasing Elaser over a 
wide laser energy range, the slope of (∂ωD/∂Elaser) being about 50cm-1/eV.29-32 Since 2D 
band is second order Raman process of D peak, 2D band has twice dispersion as about 
100cm-1/eV. Also, 2D peak intensity decreases as doping increases, as like G peak 
frequency shifts due to doping effect. Since 2D peak intensity depends on the ratio 
between phonon scattering to the total possible scattering including charge scattering, as 
electron-electron collision increases, 2D peak intensity decreases and finally 
disappearing.12,33 
Raman spectroscopy is a good tool to investigate the number of layers and the 
stacking order in graphitic systems. 2D peak of pristine 1L graphene at room temperature 
exhibits a single Lorentzian feature with a full width at half maximum (FWHM) less than 
~30cm-1. Also, this distinctive 2D peak shows 2~4 times larger intensity than G peak. 2D 
peak of pristine 2L graphene at room temperature exhibit asymmetric peaks which has 
larger fwhm around ~45cm-1, and this peak can be fitted to 4 different components due to 
coupling of two graphene layers.34 Left shoulder (small peak at 2650cm-1 region peak) is 
distinctive feature only in 2L graphene. Above 3L, 2D peak looks almost same with large 
fwhm of ~50cm-1 without distinctive left shoulder. By normalization to the silicon 
substrate peak around 950cm-1, The G peak intensity can be compared to each other and 
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point. Dotted hexagonal line represents folded reciprocal space of p(2x2) superlattice on 
pristine graphene Brillouin zone.  
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Charge transfer chemical doping of Few layer graphenes:  
Charge distribution and band gap formation1 
The properties of few layer (one layer (1 L) to four layer (4 L)) graphenes doped by 
adsorption and intercalation of Br2 and I2 vapors are investigated. The Raman spectra of 
the graphene G vibrations are observed as a function of the number of layers. There is no 
evidence for chemical reaction disrupting the basal plane π electron conjugation. 
Adsorption of bromine on 1L graphene creates a high doped hole density, well beyond 
that achieved by electrical gating with an ionic polymer electrolyte. In addition, the 2D 
Raman band is completely quenched. The 2 L bilayer spectra indicate that the doping by 
adsorbed I2 and Br2 is symmetrical on the top and bottom layers. Br2 intercalates into 3 L 
and 4 L graphenes. The combination of both surface and interior doping with Br2 in 3 L 
and 4 L creates a relatively constant doping level per layer. In contrast, the G spectra of 3 
L and 4 L with surface adsorbed I2 indicate that the hole doping density is larger on the 
surface layers than on the interior layers and that I2 does not intercalate into 3 L and 4 L. 
This adsorption-induced potential difference between surface and interior layers implies 
that a band gap opens in the bilayer type bands of 3 L and 4 L. 
 
1Portions of the material presented in this chapter were previously published in Naeyoung 
Jung, Namdong Kim, Steffen Jockusch, Nicholas J. Turro, Philip Kim and Louis Brus. 




Single atomic layer graphene is a nearly optically transparent semimetal 
membrane, whose extreme physical strength1 and high electron mobility at room 
temperature2-3 result from extensive electron conjugation and delocalization. Charge 
transfer to and from adsorbed species can shift4-5 the graphene Fermi level by a large 
fraction of an electronvolt. Such adsorption-induced chemical doping adjusts the Fermi 
level without introducing substitutional impurities, or basal plane reactions, that interrupt 
the conjugated network. Adsorption induced chemical doping may well become an 
important aspect of future graphene technologies. In graphenes consisting of only a few 
layers, chemical doping can result from both surface adsorption and intercalation between 
layers. In this study we use Raman spectroscopy to investigate the interplay between 
surface adsorption and intercalation in few layer graphenes exposed to Br2 and I2 vapors 
at room temperature. 
Molecular intercalation into bulk graphite typically creates stable stoichiometric 
“stage” compounds (termed graphite intercalation compounds GICs). Bromine creates a 
stage 2 bulk GIC in which graphene bilayers (2L) are separated by intercalated Br2 
layers.6-8 Such intercalated Br2 layers are thought to be structurally commensurate with 
neighboring graphene.6 Raman scattering is a powerful nondestructive and noncontact 
analytical tool for study of both GICs and few layer graphenes. The bromine GIC Raman 
spectrum shows that the graphite G band is energy upshifted by hole doping, from 1580 
cm-1 in pure graphite to 1612 cm-1 in the GIC. An intercalated anionic bromine band is 
also observed near 240 cm-1, downshifted from 323 cm-1 in free Br2. In contrast to Br2, I2 
18 
 
does not form a bulk GIC, possibly because the longer I2 bond length does not allow a 
intercalation structure.9 
Br2 and I2 are more electronegative than graphite and should dope graphene 
positively when adsorbed. I2 adsorbs on and dopes carbon nanotubes,10-13 fullerenes,14 
pentacene,15-16 and polyacetylene.17-18 Charge transfer from the carbon substrate creates 
iodide anions that react with excess neutral I2 to form adsorbed I3-, and I5-; these species 
are directly detected as resonantly enhanced Raman bands at 108 and 165 cm-1. We 
observe very strong I3- and I5– Raman signals upon exposure of few layer graphenes to 
iodine. However, this chapter will mainly focus on the distribution of doped positive 
charge in the graphene: the iodine Raman spectra will be dealt with in the next chapter.  
 
2.2 Experimental 
We generally used mechanically exfoliated graphene which can be made from 
pristine kish graphite. There are several kinds of graphite in the world. The well known 
graphite is HOPG which is highly oriented pyrolitic graphite. There are several grades. 
The best grade generally has approximately 3mm grain size with mosaic angle of 0.4 
Degree which is grain to grain angle. The graphite that we use is a kish graphite which 
exhibit micaceous cleavage which can produce atomically smooth and thin surfaces of 
graphene on the substrate.  
This kish graphite can be placed on the regular 3M tape and can be exfoliated by 
attaching and detaching tape to each face many times to spread the pieces of graphite on 
the tape.19 This spread over graphite can be rubbed onto p-type Si wafer chips with 300 
nm thick SiO2 with adhesive tape. Single and few layer graphene samples have been 
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investigated with regular 100x microscope. 300nm SiO2 coated Si chip is known as a 
good substrate to mechanically exfoliate graphene on it due to its easiness to find a single 
layer graphene on the substrate with microscope due to its strong contrast. Also, graphene 
on the silicon chip is serving as a good sample for the Raman spectroscopy due to its 
enhanced raman signal by interfering graphene signal in the 300nm SiO2 capping layer. 
More discussion related to the interference will be followed in the next chapter. 
Before halogen exposure, the graphene samples were characterized by Raman to 
determine the number of layers in each piece as discussed in the previous chapter. 
Halogen gas exposure was performed inside a conventional two temperature zone glass 
sample tube initially evacuated to 2 × 10-5 Torr with aid of diffusion pump. A halogen 
reservoir was thermostated at 10 °C to establish a constant halogen vapor pressure in the 
cell. Liquid bromine was initially frozen and thawed several times to remove dissolved 
gases. All measurements were performed at room temperature. Typically graphene 
samples underwent a 1 h halogen exposure to reach equilibrium.  
Confocal backscattering Raman with a ca. 4 μm2 spot size was observed, using a 
40 × objective focused through the cell window. 3.2mW of 633 nm He-Ne laser 
irradiation was used as the excitation source. The red 633 nm He-Ne laser was chosen to 
minimize Br2 and I2 electronic excitation, which is stronger at shorter wavelengths. The 
G mode peaks were fit with a Voigt function using a Gaussian instrumental function of 
2.5 cm-1. 
 
2.3 Results and Discussions 
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The graphene Raman D peak at 1350cm-1 is an indicator of intrinsic defects, or 
basal plane chemical reaction that disrupts the π-conjugation and converts sp2 carbon 
atoms to sp3 C atoms.20-22 Our single and few layer graphene samples show essentially no 
D band upon exfoliation, indicating a high initial quality sample that is free of defects. 
This finding is typical of mechanically exfoliated samples. We also observe no D mode 
formation in one (1L) to four layer (4L) graphenes exposed to bromine or iodine vapors. 
This means that we detect no thermal or 633 nm laser-induced photochemical reaction 
under our experimental conditions. It is proved that single layer (1L) graphene was 
generally more reactive than few layer samples from the basal plane oxidation and 
hydrogenation Raman studies.22-23 
 
 
Figure 2.1 Br2 stretching region Raman spectra for few layer graphenes exposed to 
bromine. The weak 303 cm-1 peak labeled Si is from the underlying crystalline silicon 




Few layer graphenes are exposed to ca. 100 Torr Br2 at room temperature. Figure 
2.1 shows the resonantly enhanced, intercalated bromine stretching mode at 238 cm-1 in 3 
L and 4 L graphene, and in the “bulk” many-layer (nL) sample. This is the same anionic 
bromine mode seen at 242 cm-1 in the stage 2 bulk GIC.24 We do not detect the 
intercalated Br2 stretching mode in 2 L graphene. No Raman bands due to physisorbed 
bromine species are detected; apparently because resonance enhancement for gas-phase-




Figure 2.2 G peak Raman spectra of few layer graphenes exposed to bromine. 
 
Charge transfer from physisorbed bromine species is evident in the graphene G 
mode spectra.  The graphene G peak frequency is sensitive to charge doping which shifts 
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the Fermi level away from the neutrality point.25-26  The pristine graphene G peak at 1580 
cm-1 is energy up-shifted with increasing doping.27-28  This shift has been calibrated in 
electrical devices for 1L and 2L graphene.25-26,29-31 In figure 2.2, 1L graphene exposed to 
Br2 shows a very large energy up-shift to 1624 cm-1, significantly larger than the 1612 
cm-1 G peak in the stage 2 bromine GIC 32. This 44cm-1 energy upshift from 1580cm-1 is 
about 30% larger than the highest value achieved in top gating with ionic polymer 
electrolytes.25 The calculated Fermi level shift is about 0.59eV, this value is calculated as 
described in the caption of Table 2.1. The G mode full width half maximum (fwhm) for 
1L is 6.6 cm-1, which is almost 1 cm-1 larger than those of 2L, 4L and bulk graphite. This 
1L G mode fwhm for doped samples is about the same as observed in back gate electrical 
devices, thus indicating that doping homogeneity is about the same in the two methods.  
 
# of layers  1L  2L  3L  4L  nL(Bulk) 
G peak Position 
(cm-1) ± 0.5 cm-1 
1624 1612  1613a) 
1620b)  
1612  1612 
Fermi Energy (eV)  0.59 0.36  N/A 0.36  0.36 
FWHM (cm-1)  6.6 5.7  6.0a) 
7.9b)  
5.6  5.5 
 
Table 2.1 G peak positions and FWHM few layer graphenes exposed to Br2. The 3L 
spectra were fitted with Lorentzian lineshapes. Other spectra were fitted with Voigt 
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functions. The instrumental broadening is 2.5cm-1.  The Fermi energy calibration is 
extrapolated from Figure 3 of Reference 30. 
 
 
Figure 2.3 Low resolution G and 2D Raman spectra for 1L graphene before and after 
exposure to bromine 
 
With 514nm laser excitation, the strongest Raman transition in intrinsic 
suspended 1L graphene is the 2D peak near 2800cm-1. Adsorption of 1L graphene on 
SiO2 decreases the 2D/G ratio by a factor of about 5.33 Figure 2.3 shows essentially 
complete quenching of the 2D transition for Br2 doped 1L graphene on the oxide surface 
in our experiment at 633nm laser excitation. The initial 2D/G integrated intensity ratio 
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1.32 on the substrate decreased to an upper limit of 0.001 upon exposure to Br2. A 
qualitatively similar 2D/G decrease is reported for graphene multiple layers in solution 
with adsorbed doping species such as TCNE and TTF.34,35 Theory predicts the intensity 
of 2D should decrease as electron-electron collisions increase strongly at high levels of 
doping.36  The extreme environmental sensitivity shown by the 2D band in semi-metallic 
graphene is quite remarkable and unique in molecular and materials Raman spectroscopy.  
2L, 4L and thicker bulk-like graphenes show G spectra very similar to each other 
with a peak near 1612 cm-1, lower than the 1L G peak at 1624 cm-1, but the same as the 
bulk GIC peak at 1612cm-1. The bilayer G mode Raman spectra have been theoretically 
analyzed by Ando and Koshino,37 as a function of doping level, and layer inequivalence 
created by a perpendicular electric field. A perpendicular electric field breaks the 
inversion symmetry of the bilayer lattice and induces an energy gap.37-42 As the gap 
opens, the Raman spectrum is predicted to show two G peaks (termed G+ and G-) with 
different shifts and intensities, corresponding to mixing of the (initially Raman active) 
symmetric and (initially Raman in-active) antisymmetric combination of G modes.42 Our 
observation that 2L exhibits only a single G band implies symmetric chemical doping.  
The two layers are physically equivalent.  When the bilayer is deposited on a silicon 
dioxide substrate, asymmetric doping by adsorbed Br2 is possible. Our observation 
supports symmetric doping and indicates that Br2 diffuses efficiently along the interface 
between 2L and the substrate. The greater G upshift and higher doping of 1L compared to 
2L reflect hole doping from top and bottom adsorbed Br2 layers on 1L. 
A simplified local Raman model has been historically used to understand the G 
spectra of bulk GICs.43-45  Each graphene layer is assumed to produce one G peak whose 
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upshift is simply determined by the two neighboring (either intercalant or graphene) 
layers. A graphene layer next to an intercalant layer has stronger doping and a larger 
upshift. Our 4L structure has two bilayers separated by an intercalated bromine layer, 
with additional adsorbed bromine on top and bottom, as shown in figure 2.5. The 
similarity in the 2L and 4L Raman spectra in figure 2.2 suggest that the net doping effect 
from the intercalated Br2 layer is very similar to that of the adsorbed Br2 layers on top 
and bottom. Then, within the local model all graphene layers in 2L, 4L, and the bulk GIC 
would be equivalent, having neighboring graphene and Br2 layers. Consistent with this 




Figure 2.4 G peak Raman spectra of few layer graphenes and graphite, exposed to iodine 
vapor. Curves are vertically displaced. The relative intensity change from 1 L to graphite 
is shown. The G-peak fwhm of doped few layer graphene samples is smaller than that of 
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the 1580 cm-1 undoped graphite G peak, as expected for doped samples. In graphite a 
small peak at 1601 cm-1 may represent the surface graphene layers with adsorbed I2. 
 
Intercalated 3L is the only intrinsically asymmetric structure for Br2 doped 
graphene, since it does not possess reflection symmetry. Even if we consider adsorbed 
and intercalated Br2 layers to be identical, 3L has two types of physically inequivalent 
graphene layers. 3L is also the only structure to show 2 G bands, at 1620cm-1 and 
1613cm-1. Within the local interpretation, the higher energy peak at 1620 cm-1 is assigned 
to the shift for two Br2 outside layers; this peak occurs at 1623 cm-1 in 1L with adsorbed 
Br2.   The lower energy peak at 1612 cm-1 is assigned to the 2L structural component of 
3L.  
 
# of layers  1L  2L  3L  4L  
G peak Position  
(cm-1) ± 0.5 cm-1 




Fermi Energy (eV)  0.43  0.32  N/A N/A  





Table 2.2. G peak positions and FWHM of few layer graphenes exposed to I2.  3L and 4L 
spectra were fitted with two different Lorentzian modes. The calibration of Fermi energy 
level is taken from Figure. 3 of Reference 30. 
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The G peak upshift of I2 exposed graphene is less than that of Br2 exposed 
graphene due to two reasons. A comparison of the molecular redox potentials indicates 
that iodine is a weaker oxidizing agent than bromine. Also at given temperature iodine 
has a lower vapor pressure than bromine.  Figure 2.4 and Table 2.2  show  weaker 
chemical doping with a smaller G peak upshift for few layer graphenes exposed to about 
0.1 torr  I2 vapor from the 10 °C iodine reservoir. With I2 the Fermi level shift for 1L is 
0.43 eV, and the 2D band is essentially completely quenched as was the case for Br2. The 
observation of only one G peak for 2L implies that doping by adsorbed I2 is symmetric on 
the bilayer top and bottom, similar to bromine exposed 2L. Our thick graphene sample 
shows a G peak at 1580 cm-1, which is the value for bulk graphite without intercalation. 
Thus, as illustrated in Figure 2.5, we do not observe I2 intercalation under our conditions; 
recall that I2 does not form a bulk GIC either.  The systematic down-shift of the stronger 
G peak frequency with increasing thickness also indicates that only the surface doping 
happens, and intercalation does not occur. 
From a comparison of figures 2.2 and 2.4, the G spectra of 3L and 4L are seen to 
be very different for I2 and Br2.  Both halogens dope the graphenes by surface adsorption.  
Only the Br2 system has an additional doping Br2 layer near the center, as shown 
schematically in figure 2.5. For the I2 system, within the local model there would be two 
discrete G peak shifts in 3L and 4L: one for inner layers adjacent to other graphene 
neighboring layers, and one for outer layers adjacent to adsorbed I2 and one graphene 
neighboring layers. Their relative intensities should be given by the relative number of 
each type layer.   In 3L and 4L this local model behavior is not observed for I2.  Rather, 
the higher peak marked G+ is much stronger than the lower G- peak.  The G+ peak 
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position moves systematically in the 1L to 4L series. These spectra are similar to the 
predicted and observed 2L Raman spectra involving unequally doped layers in the 
presence of a perpendicular electric field.42,38. We propose that I2 surface chemical doping 
in 3L and 4L creates higher hole doping on the surface layers. Doping decays with a 
finite screening length into the interior, with static potential differences from layer to 
layer.  Layered graphene screening calculations actually show oscillations in the doped 
charge decay.46  In 3L and 4L our proposed perpendicular electrostatic displacement 
vectors D appear in figure 2.6. We assign the G spectra to stronger symmetric G+ and 
weaker antisymmetric G- combinations of E2g phonon modes in surface and interior 




Figure 2.5. Schematic diagram of few layer graphenes exposed to Br2 (left) and I2 (right). 
On the left side the 3L and  4L structures have both intercalated (dark  pink) and 
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adsorbed (light pink)  Br2 layers . On the right side the 3L and 4L structures have surface 
adsorbed (light blue) iodine anion layers without intercalation.  
 
  The 3L electronic structure is composed of 1L and 2L type bands47.  In the 
trilayer tight binding Hamiltonian a symmetric potential difference between the two 
surface layers and the one interior layer plays the same role as the asymmetric potential 
difference in the bilayer Hamiltonian.47 This symmetric potential difference would open a 
band gap in the bilayer type bands of 3L.  It is likely that such a band gap exists in 3L and 
4L due to surface I2 adsorption.  In the Ando and Koshino35 single gate 2L Raman 
calculation (Ref 35, Figure 5a), the G-/G+ intensity ratio grows as the band gap opens. 
From the measured ca. 3/1 ratio in figure 4, we can estimate a gap on the order of 0.1eV 
in the 2L type bands from their numerical modeling. This is only a rough estimate for our 
experiment; exact Raman modeling theory needs to be done for 3L and 4L type structures. 
Larger gaps could result from stronger doping. A recent photoemission study of surface 
chemical doping by potassium on bulk HOPG (Highly Ordered Pyrolytic Graphite) 
shows that a  ~0.3eV band gap opens near the surface.48 Similarly we expect that a band 
gap in 3L and 4L could open for employing symmetric doping from top and bottom 






Figure 2.6. Schematic diagram of few layer graphenes doped by iodine adsorption. 
Surface iodine anions in blue dope holes preferentially into the surface graphene layers 
shown in black.  Interior graphene layers in gray have less doping. The resulting 
perpendicular electric displacement vectors D are shown.  
 
In contrast, with Br2 the combination of surface and interior doping creates a 
relatively constant doping density per layer, as evidenced by the presence of the same 
1612 cm-1 line for 2L, and 4L. This is the same doping level and upshift as in the bulk 
bromine GIC. Br2 intercalates into 3L graphene but not into 2L. This same pattern is 
observed in the stage 2 bulk GIC. The energetics of this observation are intriguing and 





In conclusion, these results show the potential for adsorption-induced charge 
transfer doping (including intercalation) to create adjustable doping patterns at high 
densities, in laterally large, few layer graphene samples without π-electron disruption. 
Surface doping creates a symmetric potential difference between surface and interior 
layers that can open a band gap in 2L type bands.  Further experimental and theoretical 
work is necessary on surface doped and few layer graphenes to achieve a deeper 
understanding of the electronic and vibrational structure.  
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Raman Enhancement on Graphene: Adsorbed and Intercalated Molecular Species2 
Strong Raman scattering is observed from iodine anions adsorbed at ca. 3% coverage on 
single layer graphene. In addition, the Raman signal from just one bromine intercalation 
layer inside three and four layer thick graphenes is observed.  We analyze and model the 
intramolecular electronic, charge transfer, and multiple reflection electromagnetic 
mechanisms responsible for this unusual sensitivity. The Raman sensitivity for adsorbed 
and intercalated molecular species is highest for single layer graphene, and decreases 
with increasing thickness. The Raman spectra of adsorbed bromine layers are not 
observed, despite significant charge transfer to graphene. We attribute the large Raman 
signal for both adsorbed iodine and intercalated bromine species to intramolecular 
electronic resonance enhancement.  The signal evolution with varying graphene thickness 







2Portions of the material presented in this chapter were previously published in Naeyoung 
Jung, Andrew C. Crowther, Namdong Kim, Philip Kim, and Louis Brus 




In general Raman scattering is too weak to produce signal from monolayer 
samples. Yet, in addition to the well known Raman scattering of single layer graphene 
vibrations, we now report observation of strong Raman scattering from adsorbed and 
intercalated anionic halogen species, at small fractions of a monolayer coverage. These 
Raman spectra are observed because both intramolecular electronic and multiple 
reflection electromagnetic Raman intensity enhancement effects occur on and in 
graphene samples.  We model and quantify these enhancement mechanisms for molecular 
species adsorbed onto, and intercalated into, few layer thick graphenes (NL graphenes, 
where N is the number of layers). We compare absolute intensities to those of the 
electromagnetically enhanced graphene G Raman mode, as a function of N. We calculate 
a strong multiple reflection interference effect that decreases the adsorbed molecular 
Raman signal 55 times on bulk graphite, as compared to adsorption on single layer 
graphene. This model agrees well with the anionic halogen data which shows a factor of 
30 decrease. We compare this graphene molecular Raman enhancement effect with the 
molecular Surface Enhanced Raman Scattering (SERS) seen in aggregated Ag 
nanoparticles,1 and the multiple reflection Raman effect seen for  thin absorbing films on 
reflective metals.2  
Gaseous iodine does not form a corresponding GIC with graphite,  apparently due 
to its longer (incommensurate) bond length compared with bromine.3  Adsorbed I2 
accepts electrons from aromatic species such as  carbon nanotubes,4-6 Fullerenes,7 
pentacene films,8-9 and polyacetylene,10-11 and we observe that adsorbed iodine on 
graphene also accepts graphene electrons.  The iodine anions thus created react with 
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excess neutral I2 to make I3- and I5- polyanions that absorb laser light strongly. There is a 
very strong, resonantly enhanced Raman signal at 108 cm-1 and 165 cm-1 when visible 
laser wavelengths are employed.  Note that gas phase Raman frequency of neutral  I2 is 
higher at 212 cm-1.12  
 
3.2 Results 
In figure 3.1 the low frequency Raman spectrum of I2 exposed NL graphene 
samples shows intense Raman bands at 113 cm-1 and 172 cm-1 which are assigned to the 
linear symmetric iodide anion I3- band and linear symmetric I5- stretching band.12   These 
iodine anion transitions are far stronger than the allowed graphene G transition.  The 
observed iodine surface anion Raman intensities decrease with increasing thickness in 
NL graphenes, and become 30 times weaker on bulk graphite than on 1L graphene.  
figure 3.2 shows the low frequency Raman band of a single intercalated Br2 layer in 4L 
graphene, comparing it with the intercalated Br2 band in bulk graphite. As previously 
described, we observe Br2 intercalation for N=3 and larger graphenes. The single layer 
intercalated Br2 Raman intensity in 4L graphene is 6 times smaller than the bulk graphite 
Br2 Raman signal.  We observe the Raman of intercalated bromine but not that of 
adsorbed bromine; yet both contribute to charge transfer doping.  We now try to 
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Figure 3.1 The Raman signals of I3- and  I5- stretching modes, and graphene G Raman 
signal, of 1L to 4L graphenes. Bulk Graphite and bare SiO2 are shown, intensified 10 
times for clear comparison. The line labeled v = 1 at ca. 210 cm-1 is fluorescence of gas 
phase I2 above the graphene surface. 
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3.3 Optical Interference and Raman Enhancement Calculations 
Graphene G mode 
Two independent optical interference phenomena occur for graphene on the 
Si/SiO2 substrate.  First, in 1980 Connell, Nemanich and Tsai showed that strong Raman 
scattering from thin absorbing films was obtained when the films were placed ¼ optical 
wavelength in front of a highly reflective mirror.13 For laser (and Raman) light 
propagating normal to the mirror, the reflected and incident traveling waves interfere to 
form a standing wave. Strong Raman scattering is observed when the film is spatially 
located at a standing wave constructive maximum.  With graphene on the SiO2 (290 
nm)/Si substrate we have a modest back “mirror” effect of this sort; the back reflection 
coefficient of light in SiO2 bouncing off Si is 21% at 632.8 nm laser wavelength.   
Second, the graphite metallic optical character for visible light (index of refraction n = 
2.88 – 1.75i at 632.8 nm)14 creates a situation where multiple reflections of laser and 
Raman light occur as thickness changes in figure 3.3. The multilayer graphene film acts 
internally as a modest optical cavity for both laser and Raman light; for example G band 
Raman light (703 nm for He-Ne incident light) generated inside graphene has a near 38% 
back reflection probability at the graphene:air  interface for normal incidence.  
At a given depth in graphene, the net laser intensity results from a sum over direct 
and reflected fields. The net Raman intensity also results from a sum over multiple 
Raman light pathways, including light initially scattered both toward and away from the 
detector as figure 3.3-(a) shows.    The equation for the net detected Raman intensity is  
 2 2 2 20 0 0 0ab sc ab scI E F E F F F Eγ γ γ= = =          (3.1) 
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where E0 and γ0 are the magnitude of the incident light field and the  intrinsic Raman 
scattering cross section, and  Fab and Fsc are the net laser and Raman scattering 
enhancement factors constructed from Fresnel equations  incorporating interference 
effects, following the notation of Yoon et al.15   
 
 
Figure 3.3 Schematic diagrams of multiple reflection interference (a) inside the graphene 
layers and (b) in the adsorbed molecules on the top graphene layer. The actual angle of 
incidence is zero degrees at normal incidence. (Black line represent laser light electric 
field propagation direction while red line represent raman scattering light electric field 




The Fresnel equations for multilayer optical interference have been known for 
many decades.  With this approach Yoon et al.15 calculated the single layer graphene G 
peak intensity, and the 2D/G intensity ratio, with varying SiO2 thickness.  Wang et al.16 
calculated the relative G intensity as a function of graphene thickness; however their 
calculation did not allow the scattering light to shift phase during propagation, which 
affects Raman light self-interference. We now recalculate the graphene G intensity as a 
function of graphene thickness using the correct Raman self-interference model of Yoon 
et al. We go on to calculate Raman intensities for both adsorbed and intercalated 
molecular species, as a function of graphene thickness, to understand our halogen anion 
data.  For all calculations, the detected Raman peak energy gives the shift of the scattered 
wavelength relative to the incident wavelength.  
 
































 peak intensity of the top layers
 
 
Figure 3.4 Black: Total graphene G peak intensity versus the number of layers as 
described in the text. Blue: G peak intensity of the top graphene layer versus the number 
of layers. The insert expands the image nearer the origin. 
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The total G Raman intensity from all graphene layers, as a function of N,  is 
obtained by first calculating the net detected Raman light intensity generated at position x 
in graphene, and then integrating over the graphene thickness with the equation




ab scI N F x N F x N dx= ∫  where ( )1 0.335d N N=  is the graphene thickness in 
nanometers (0.335 nm is the thickness of one layer of graphene).   In figure 3.4 the total 
G Raman intensity rises to a peak at N = 17 and then shows a second, smaller oscillatory 
peak near N ~ 290 in figure 3.4.  The N = 1 graphene  G intensity of about 2/3 that of 
bulk graphite.  The dependence on N is analogous to, but quantitatively different than, the 
theoretical result of Wang et al.16  The N = 17 multilayer graphene shows a net G band 
intensity about 5.8 times larger than 1L graphene.  This ratio matches the Wang et al. 
experimental data very well.   Also shown is the G intensity of just the top graphene layer 
as a function of thickness; this top layer will have a different G frequency than interior 
layers if there is surface doping, as we observed previously for adsorbed iodine.   The 
detected G intensity of the surface layer decreases with increasing thickness; for N = 10 
the intensity is 52% of N = 1.  Also note that for N values in this range, all interior 
graphene layers contribute equally to the total detected G Raman signal, assuming no 
surface doping (calculation not shown). 
Iodine Adsorption 
We now consider the detected Raman intensity of molecular species adsorbed on 
both the top and bottom graphene surfaces.  We neglect the change in the refractive index 
of the adsorbed layer as compared with vacuum; this is appropriate for low coverage.  We 
set the graphene to SiO2 distance to be 0.5 nm; the bottom adsorbed anion layer is in this 
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space.  The amplitude of the net laser field on top of the graphene in Figure 3-(b) is the 
sum of the incident field and the effective reflection field from the lower interfaces:  
( )0 041E E r= + .  The Raman signal for scattering dipoles just above the graphene (and 
oriented parallel to graphene) is ( )0 041 rγ γ= + where ( )( )1 12 204 01 14 10 141i ir r r e r r eβ β− −= + − , 
( )( )2 22 214 12 24 21 241i ir r r e r r eβ β− −= + − , ( )( )3 32 224 23 34 32 341i ir r r e r r eβ β− −= + − with 
( ) ( )xy x y x yr n n n n= − +  for 1x y− = and 02z z zn dβ π λ= .  Thus, Fab and Fsc both equal 
2
041 r+ for the top layer, but with different wavelengths. The total Raman intensity of 
molecules above the graphene is: 
 2 2 40 0 041I E E rγ γ= = +                      (3.2) 
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(3.3) 
where ( ) ( )1 1202 01 12 10 121i it t t e r r eβ β− −= − ; ( )01 0 0 12t n n n= + ; ( )12 1 1 22t n n n= + ; and t20 
follows the same pattern. 
 Figure 3.5 shows the calculated Raman intensities of the adsorbed 
molecules as a function of thickness.   The detected Raman intensity is 1.3, with respect 
to the same species in vacuum at the same laser intensity, both above and below 1L 
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graphene.   This intensity decreases with increasing N. This behavior is quite similar to 
the decreasing G band intensity for the surface graphene layer in figure 3.4.  The 
calculated relative Raman enhancement on top of large N bulk graphite is quite low: 0.05, 
it is zero on the bottom graphene surface as the laser does not penetrate through thick 
graphene.   
 





















N : Number of Graphene layers
 
 
Figure 3.5 Blue: Laser intensity enhancement factor right above top graphene interface 
(relative to the free space).  Black: Raman Enhancement magnitude for adsorbed species 
on top graphene surface. Red: Raman enhancement magnitude for adsorbed species under 
graphene.  
 
Figure 3.6 shows a calculation of the reflected laser light, both with the back Si 
mirror and with the Si replaced with SiO2,, as would be appropriate for graphene on 
quartz substrate. With the mirror the net reflection for 1L graphene on the substrate is 
15%.  The net reflectivity actually decreases with increasing graphene thickness, showing 
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a 4% minimum at N about 19.  This behavior represents destructive interference of laser 
light reflected from the back  Si mirror and from graphene; such destructive interference 
was  discussed by Connell et al.13  Without the mirror, the initial reflectivity of 1L 
graphene on the SiO2 substrate is about 4%; this reflectivity grows linearly with 
increasing N initially. It shows a broad resonance near N = 140 before approaching the 36% 
bulk graphite reflection for large N.  
 







 Total Reflectance with Si













N : Number of Graphene layers
 
 
Figure 3.6 Total optical reflectance at the He-Ne wavelength, as a function of graphene 
thickness.  Black lines for Si substrate and Red lines for quartz substrate.   
 
The decrease of adsorbed molecule Raman intensity with increasing thickness is 
an intrinsic property of graphene; it occurs in our calculation in the absence of a back 
mirror (result not shown). The very weak molecular Raman intensity for thick graphene 
is similar to that observed on reflective flat metals as originally modeled by Greenler and 
Slager.17  The Fresnel equations imply there is a 180 degree phase shift for reflected light 
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at normal incidence on a highly reflective mirror.  Thus a node in the net laser intensity 
occurs at the adsorbed species on such a metal surface. Also, Raman scattering dipoles 
oriented in the plane of the surface are diminished by their image dipoles in the metal.  
Our I3- and I5- species, and the intercalated anionic bromine,  presumably have Raman 
scattering dipoles in the plane.   
Bromine Intercalation 
The Raman intensities of interior Br2 intercalated layers in figure 3.2 should 
behave similarly to the Raman intensities of interior graphene layers.  The intercalated 
layer is a dense molecular monolayer, and as a first approximation we could assume it 
has a similar thickness and index of refraction as a graphene layer. For electromagnetic 
calculation purposes, the interior laser intensity and the Raman collection efficiency 
would be the same in an (4L) graphene with an interior intercalated Br2 layer as  in an 
(5L) graphene without intercalation, for  example, with this approximation.  This model 
suggests that the intercalated layer Raman signal should be enhanced for small N as 
compared with the bulk GIC, in the same way that the G mode Raman signal itself is 
enhanced for small N as compared with bulk graphite.  
In the stage 2 Br2 GIC, the basic repeating unit is two graphene layers plus the 
bromine layer, with total thickness 1.04 nm.  We carried out a Fresnel calculation with an 
increasing number U of intercalated Br2 repeating units; in analogy to the G mode 
calculation for  increasing numbers of single graphene layers in figure 3.4.  The measured 
optical reflectively of the GIC at the He-Ne laser wavelength is near 0.2, about 2/3 of the 
pure graphite reflectivity.18  A lowered reflectivity implies that the GIC effective optical 
index is lower than that of graphite.  While the actual GIC complex index has not been 
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measured, we estimate the index must be near (1.6 -1.3i) to give this reflectivity in an 
optically absorbing GIC sample.  In figure 3.7 we plot the bromine Raman collection 
efficiency as a function of intercalated Br2 layers U using this index. There is agreement 
within a factor of two with the observed factor of 6 intensity decrease of one intercalate 
layer versus the bulk GIC. 
 

















U : Number of intercalated Br2 layers
 
Figure 3.7  Calculated relative Raman intensity of intercalated Br2 layers vs number of 
intercalated Br2 layers. U = 1 corresponds to 4 layers of graphene with one intercalated 
layer. U = 2 corresponds to 6 layers of graphene with two intercalated layers, and so on. 







We can determine the I3- and I5- combined surface density (per cm-2) on graphene 
from our understanding of the graphene hole doping.  For low N we detect anion Raman 
signal from both the top and bottom surfaces of graphene.  The measured 1L graphene G 
band frequency is 1608.8 cm-1 corresponding to a hole density of 2.6 x 10+13 cm-2.    This 
value is interpolated from the electrostatic doping experiment using field effect device.19  
If we assume that the number of doped holes equals the number of surface iodine anions, 
and that iodine anion surface density on top and bottom surfaces is half the hole density,  
then the ion surface densities on top and bottom of 1L are about 1.3 x 10+13 cm-2.  For 
comparison, the  graphene carbon  atom density  is 3.8  x1015/cm2.  We have only about 1 
anion per adsorbed layer for every 300 graphene C atoms. If we roughly estimate the 
iodine anion monolayer coverage to be similar to the intercalated bromine coverage in the 
stage 2 GIC C8Br2, 4.75 x1014/cm2, then the observed anion coverage is low, about 3%.   
Nevertheless, the iodine anion spectra are intense compared to the 1L graphene G spectra, 
with an integrated intensity ratio of iodine anion to graphene G-peak of about 120.  
In general Raman scattering is too weak to yield signal from a monolayer sample 
without some form of electronic or electromagnetic resonance enhancement, although 
with extreme sensitivity monolayer spectra can be observed.20   We do not observe the 
Raman scattering of adsorbed neutral I2, which is essentially transparent at the laser 
wavelength, or from the underlying 290 nm thick transparent SiO2 layer.  The iodine 
anions show an intense intramolecular resonance Raman effect due to irradiation into an 
excited electronic state.  Such electronic resonance is common in molecules and has been 
carefully quantitatively analyzed21 including broadening of the resonant state.   
Enhancement can reach 4 or 5 orders of magnitude in intensity.   
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 In comparison, the monolayer graphene G peak is much weaker than the anion 
peaks, and thus shows only a modest resonance Raman effect, despite the fact that 
graphene absorbs at the laser irradiation wavelength. This absence of strong electronic 
resonance is often observed in any extended periodic system when excitation directly 
creates very short lived “hot” free electrons and holes, rather than a long lived bound 
resonant intermediate state.   
The experimental adsorbed anion Raman signal decreases continuously with 
increasing N except from 1L to 2L.  In figure 3.1 the 4L iodine anion signal is about 70% 
of the 1L signal; this ratio is similar to the calculated decrease in Raman detection 
sensitivity of 86% in figure 3.5 if we sum contributions from both anion layers.  Thus for 
small N it seems that the surface concentration of anions is not a large function of 
graphene thickness. For large N the laser light does not penetrate through the graphene, 
and we only detect anion Raman signal from the top surface. The calculated signal ratio 
between N = 1 and thick graphene should then be 55; we actually observe 30.   This 
comparison assumes the surface density of iodine anions on top of N = 1 graphene is the 
same as on bulk graphite.    
It should be noted that the Raman intensity of adsorbed iodine on 2L is slightly 
larger than on 1L Raman intensity. It is reported that the amount of Li ion adsorbed on 1L 
graphene is reduced due to repulsion forces on both sides of graphene layers, while the 
interaction of Li ion with few layer graphene seems to resemble that of graphene.22 We 
can similarly argue that the concentration of iodine anions adsorbed on single layer 
graphene will be reduced due to repulsion forces, compared with 2L graphene.  
Repulsion should be negligible for thicker graphenes.  
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  The calculated and observed values differ by a factor of 2.  Our model does not 
consider the change in index of refraction due to the adsorbed layers.  We also do not 
consider non-normal angles of incidence despite our experimental use of objective 
numerical aperture of 0.6, where the light is focused at an angle of 37 degrees, although a 
preliminary calculation of the graphene G-peak intensity that includes numerical aperture 
effects produces nearly the same result.15 In addition, our objective has a depth of field of 
at least 1 μm, so the beam should remain focused through our system.  Finally, the 
surface density of anions may be somewhat larger on bulk graphite as compared with 1L 
graphene, because on graphite several near surface layers are doped by charge transfer.  
But clearly the major effect in the anion Raman spectra on 1L graphene compared to 
graphite is the large reflection interference effect we calculate.  
Our optical interference calculation predicts that Raman detection sensitivity for 
adsorbed species decreases for increasing N, and that bulk graphite is a poor Raman 
substrate.  We see essentially this behavior for adsorbed iodine anions. A similar 
decreasing Raman signal with increasing N was observed by Ling et al. for several 
adsorbed dye molecules.23 We assign their observed decreasing signal to the same 
interference mechanism that governs the iodine anion intensities.   
Xie et al. report that 1L graphene is an excellent substrate for observation of 
resonance Raman from adsorbed R6G dye molecules, principally because it  strongly 
quenches  R6G luminescence that otherwise would overwhelm resonance Raman 
scattering.24  Their R6G Raman spectra are very strong on graphene; the actual coverage 
was not measured.  In our present experiment, we see intense iodine anion Raman spectra 
at near 3% coverage on graphene. Highly luminescent quantum dots adsorbed on 1L 
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graphene show a factor of 70 luminescence quenching,  at a 3.5 nm spacing Z between 
the dot center and the graphene plane, in quantitative agreement with dipole-dipole 
energy transfer theory.25   The  quenching rate theoretically increases as Z-4 closer to the 
surface;26 a simple calculation based upon this theory yields a quenching factor of about 
10+6 for a typical molecular adsorption at Z = 0.2 nm.  It is remarkable that 1L graphene, 
which is about 98% transparent to visible light, can quench luminescence so efficiently. 
Strong luminescence quenching is useful in graphene processing applications.27-28 
In Surface Enhanced Raman Scattering (SERS) involving Ag and Au particles, 
two separate effects can occur.  By far the most important is electromagnetic field 
enhancement due to the local fields of scattering dipoles induced in the particles.  In 
agreement with Xie et al.,24 we find no electromagnetic field enhancement on graphene;  
we calculate a laser intensity enhancement of only 1.3 on the surface of 1L graphene.  If 
for no other reason, this is expected as the plasmon of any macroscopically flat surface 
does not couple to far field radiation.   
A second and weaker “chemical” SERS effect is an effective change in the 
adsorbate Raman cross section due to mixing of the surface and absorbate wavefunctions,  
resulting from charge transfer.  Ling et al. suggest that such a “chemical” effect can occur 
for dye molecules on graphene.  Actually, the fundamental optics are quite different on 
graphene and in the aggregated Ag particle systems where very strong SERS occurs:  in 
aggregated Ag the laser field is perpendicular to the local metal surface at positions of 
high Raman scattering,1 and in graphene the field is parallel. In the electrostatic 
approximation, the parallel laser E field has the same magnitude both just above the 
graphene surface, and in the first graphene layer.  That is, graphene does not screen the 
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incident laser E field. This is the basic reason that the calculated behavior of the G 
Raman band in the first graphene layer (figure 3.4) is very similar to that of adsorbed 
species Raman bands (figure 3.5).  In contrast, the perpendicular laser E field in SERS is 
screened by the metal: the laser E field is discontinuous across the surface.  
 The graphene work function is about 4.5 eV.   In  molecular  language, 4.5 eV is 
both the graphene electron affinity and ionization potential; this is an usually high 
electron affinity and an unusually low ionization potential.  These values facilitate the 
formation of weakly bound charge transfer complexes with adsorbed species; such 
molecular complexes have been studied for decades.29  Indeed, such charge transfer is the 
reason that halogens dope graphene. Charge transfer complexes necessarily have a 
excited charge transfer electronic transition.30  Laser irradiation into the charge transfer 
transition can create a “chemical” SERS effect; this  occurs for molecules adsorbed on 
Ag.31  This “chemical” SERS resonance mechanism can increase the Raman intensity of 
adsorbates initially transparent at the laser wavelength.  There should not be much effect 
on dyes already having an intense intramolecular electronic absorption and resonance at 
the laser wavelength.  
 Actually, in molecular resonance Raman theory the Raman intensity decreases 
strongly with increasing broadening of the resonant excited state.21  If we compare the 
Raman cross sections of a species in solution versus the same dry species on the graphene 
surface, the cross sections surely will be different.  Solvent broadening is absent on the 
surface, however the strong energy transfer quenching of the excited dye lifetime on 
graphene (from nanosecond to femtosecond timescales) will create a new large 
homogeneous broadening of the resonant intermediate excited state.  In addition, the local 
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polarizability is higher on the graphene surface than on quartz, or in most solvents.  A 
higher local polarizability will tend to shift the adsorbate excited electronic absorption 
spectra to lower energy.  This shift will change the degree of intramolecular resonance 
with the laser wavelength, and thus the adsorbate Raman cross section will be different.  
We do not see the Raman scattering of weakly adsorbed neutral Br2 or I2, with 
vibrational frequency close to the gas phase value, on graphene; this is expected as these 
neutral halogens are essentially transparent at the laser wavelength with no electronic 
resonance.  Thus, for adsorbed iodine anion species, the large Raman signal comes from 
resonance enhancement of the anion intramolecular electronic transition, which the 
multiple reflection interference calculation explains the Raman signal evolution as a 
function of graphene thickness. 
Bromine Intercalation 
There is significant charge transfer from both adsorbed and intercalated Br2 layers 
in 1-4 L graphenes.  We observed2 that the doping of 2L graphene with adsorbed Br2 
layers on top and bottom produces a shift of the graphene G band to 1612 cm-1. There is 
no intercalated layer for 2L graphene. The same G band frequency is observed in the 
stage 2 bulk GIC where doping results only from intercalated Br2 layers.  In the bulk case, 
one intercalated bromine layer dopes two graphene layers, while in the 2L case one 
adsorbed bromine layer dopes one graphene layer.  Thus the effective planar electron 
density in the adsorbed bromine  layer is one half the density in the intercalated layer.  In 
the case of 4L graphene where there is one intercalated layer and two adsorbed layers, 
this same analysis is valid.  Two conclusions can be drawn: (1) equilibrium charge 
transfer in the ground electronic state, from graphene to bromine,  is less efficient  for 
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adsorbed bromine layers, and (2) equilibrium charge transfer to an intercalated layer is 
not sensitive to the total number of graphene layers in the sample.    
An EXAFS study of the bulk GIC shows 16% fractional charge transfer:  the 
density (per cm-2) of transferred electrons is 12% of the 4.8 x 1013/cm2 planar density of 
Br2 molecules in the intercalated layer. This significant charge transfer completely 
changes the graphene electronic properties; Br2 intercalated graphite shows a 
“supermetallic”  in-plane DC conductivity higher than that of Cu metal.32   DFT 
calculations show the GIC Fermi level is delocalized onto the Br2 p orbitals.33  The 
intercalated layer is crystalline and shows a first order phase transition at 373K.34  Theory 
suggests intercalated Br3- may form.35   Possibly we observe intercalated anionic Br3- in 
the Raman scattering,  in analogy to I3- for iodine. The identity of the bromine species 
observed in Raman remains unsettled.  
We see bromine Raman scattering from the intercalated layer, but not from the 
adsorbed layer. Does this reflect a “chemical” SERS effect with bromine Raman intensity 
created by excitation into a charge transfer electronic transition between layers? Even if a 
charge transfer electronic transition were present at the laser wavelength, the electronic 
transition dipole would be perpendicular to the graphene plane, and thus would not 
couple to the laser field at normal incidence. For this reason we do not assign the bromine 
Raman intensity to a charge transfer “chemical” SERS effect. Also note that charge 
transfer optical transitions have not been identified in the optical spectra of GICs in 
general.18 Eklund et al. showed there is a very strong electronic resonance Raman effect 
for the bromine species in the bulk GIC:  the bromine Raman intensity increases by 2-3 
orders of magnitude for laser excitation from the red to the blue.36  Also the bromine 
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Raman spectrum shows a long series of overtones,  implying a relatively long lived 
resonant intermediate state in Raman theory, which is more typical of intramolecular 
excited electronic state,  such as possibly  Br3-. In this connection, a  comparison between 
adsorbed I2 and Br2 is instructive:  The iodine layer shows an intense Raman signal 
despite exhibiting less net charge transfer with graphene than the bromine layer.  This 
shows the importance of the intramolecular electronic resonance in the observed Raman 
intensity.  
In molecular chemistry, polar molecular electronic states are preferentially 
stabilized, with respect to non-polar covalent states, in a polarizable local environment.  
The percentage of charge transfer in a molecular complex often  increases as the solvent 
dielectric constant increases.  Intercalated bromine experiences a higher local dielectric 
constant than adsorbed bromine in our graphene experiments, and this may be the reason 
why the percentage of equilibrium charge transfer in the ground electronic state is greater 
for intercalated bromine than adsorbed bromine.   In addition, as previously mentioned 
excited electronic states are often stabilized (shifted to lower energy) by a polarizable 
local dielectric environment. It may also be that the excited intramolecular bromine 
resonant Raman state in the intercalated layer lies at a lower energy than on the surface.  
For the He-Ne laser, there would be weak resonance for the intercalated layer, and even 
less resonance for the adsorbed layer.  Perhaps for excitation further in the blue both 
adsorbed and intercalated bromine species would be observed.   
In some GICs the graphene G band itself shows a stronger electronic resonance 
than we observe here.  In GICs  a graphene  π to π* interband optical absorption edge is 
created by the Fermi level shift, and can be identified in the optical spectra.18  Laser 
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excitation near this optical edge typically yields a strong G band Raman electronic 
Raman resonance. 37  In the stage 2 bromine GIC, however, our 1.93 eV He-Ne laser is 
far above the measured interband edge at 1.1 eV. 18  
The large Raman signal from intercalated bromine is attributed to resonance 
enhancement of an intramolecular electronic transition.  Also, recall that the multiple 
reflection interference calculation gave a reasonable result for the ratio of the bromine 
Raman signal for 4L graphene to the bulk.  Thus, the magnitude of the Raman signal is 
attributed to intramolecular electronic resonance enhancement, and the evolution with 
graphene thickness is explained by the electromagnetic interference calculation.  This is 
the same general result as for iodine adsorption. 
  
3.5 Summary 
Optically transparent single and few layer graphenes are excellent substrates for 
molecular adsorbate Raman scattering.  Multiple reflection Fresnel calculations show a 
strongly decreasing Raman sensitivity for thicker graphenes, while bulk graphite is a poor 
substrate. Molecular species showing intramolecular electronic resonance can be detected 
at a small fraction of a monolayer coverage on single layer graphene.  This sensitivity 
occurs because graphene efficiently quenches interfering molecular excited state 
luminescence, rather than significantly intensifying the electromagnetic fields or creating 
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Raman of the Graphene-FeCl3 Intercalation System3 
Intercalation of inorganic and organic molecules into graphite has been an intensely focused 
research topic in the past a few decades. This unique intercalation between layered crystalline 
materials through van der Waals interactions, alters the host material significantly, providing 
new chemical and physical functionality. We present the raman spectrum of the FeCl3 
Intercalated graphene and analyze the data according to the different number of layers. 
We show that FeCl3 intercalation decouple the electronic coupling of the different layers 








3Portions of the material presented in this chapter were previously published in Namdong 
Kim, Kwang S. Kim, Naeyoung Jung, Louis Brus and Philip Kim.  





Graphite intercalation compounds (GICs)1, an alternating sequence of intercalant 
and graphene layers with a periodic arrangement, exhibit a variety of exotic electronic 
properties ranging from superconductivity to magnetism. Recent advancement in 
graphene nanotechnology opens a new avenue of creating few-layer graphene (FLG) 
intercalates. The surface boundary in FLG breaks the translational symmetry along the 
out-of-basal plane, yielding a new intercalation phase, not present in bulk GICs. 
Chemical doping by the intercalant is probed by micro-Raman spectroscopy.  
FeCl3 intercalated graphite is stage 1 incommensurate compounds which implies 
there is no stacking structure between graphene to graphene layers. Unlike FeCl3 
intercalated graphite, bromine or alkali metal intercalated graphene shows commensurate 
structure, which implies there is graphene to graphene layer interaction. Graphene to 
graphene distance is dramatically increased due to presence of the intercalants, from 
pristine graphene of 3.4 A to 9.37A as shown in figure 4.1. This intercalant strongly 
affects the electronic coupling between graphene layers, hence changing its properties to 
have its unique characters in FeCl3 intercalation compounds such as stable ferromagnetic 
transition at temperature T=8.5K.1-2 FeCl3 is acceptor intercalants as halogen molecules 
as discussed in previous chapters.3 Largely increased distance decouples graphene to 







Figure 4.1 Schematic diagram of stage 1 graphite – FeCl3 showing intercalate layers with 
the bulk FeCl3 structure sandwiched between graphite planes. (Figure extracted from 
Dresselhaus Ref. 1) 
 
4.2 Experimental 
 FeCl3 is intercalated into few-layer graphene samples deposited on a SiO2/Si 
substrate with conventional two-zone method. Few layer graphene samples are deposited 
on 300nm coated SiO2/Si by mechanical exfoliation using adhesive scotch tape.4 
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Different layers of graphene samples were examined through optical microscope and 
Raman spectroscopy. To make good stage 1 graphene sample, silicone chip which 
contains graphene was put in 350C, and FeCl3 powder was put in 300C cell, while 
avoiding contact between the two. The pressure in the quartz tube is decreased to ~10-5 
torr over several hours after which it is sealed off under vacuum. The sample is then 
baked for a day in a furnace for a controlled temperature. To avoid sample degradation, 
moisture and air exposure is minimized, and the reacted sample is removed in a glove 
box filled with dry nitrogen gas, oxygen level <2 ppm and moisture level <1 ppm. The 
sample has been transferred in the glove box to the stainless chamber which has one 
surface of Quartz substrate. The conventional back scatterin raman with 2mW of 514nm 
Ar-Ion laser were used.  
 
4.3 Results 
FeCl3 is intercalated into few layer graphene samples deposited on a SiO2/Si 
substrate in a saturated FeCl3 vapour environment. Clear D peak in figure 4.2, after 
reaction implies that there was no chemical reaction involved in the reaction. Even single 
layer didn’t develop D peak which is known as weaker than double and triple layers from 
oxidation and hydrogenation experiment.5-6 Chemically inert and impermeable graphene 
layers open up the edges and very mild and non destructive intercalation process goes on 

















Figure 4.2 Clearly No observable D-Peak from single, double, and triple layers of 
Graphene after reaction. Also G peak up-shifts the most for single layer graphene.  
 
 After intercalation of FeCl3 molecules, we find that the G peak, sensitive to 
charge doping, exhibits a noticeable upshift,3,7-8 suggesting increased doping 
concentration. Figure 4.2 shows the peak upshifts more as the number of layers increase 
which implies that the intercalated FeCl3 dopes more than adsorbed FeCl3 molecules. 
FeCl3 intercalates as stable FeCl3 compounds rather than FeCl2 or other unstable structure. 
High Resolution Transmission Electron Microscopy shows an evidence of 
interpenetration of ‘stages’ in graphite-FeCl3 compounds.9 While intercalated FeCl3 is 
protected from vaporization by impermeable graphene, adsorbed FeCl3 may decompose 
to FeCl2 and become unstable. Adsorbed FeCl3 molecules will charge transfer less while 
intercalant FeCl3 will be stabilized by strong charge transfer to graphene layer. Also, 
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compounds same as halogen such as bromine or iodine molecules,3,10 the graphene will 
be hole doped. The 1L hole doping corresponds to 2.6 x 1013 cm-2 while double lalyer 
hole doping amount corresponds to 4.2 x 1013 cm-2 doping amount. If we assume 
graphene doping amounts are additive from both sides of graphene, adsorbed FeCl3 hole 
dope graphene by 1.3 x 1013cm-2, while intercalated FeCl3 hole dope each adjacent 
graphene piece by 2.9 x 1013cm-2. 
 
 1L G peak 
Position(cm-1) 
1L G peak 
Width(cm-1) 
2L G peak 
Position(cm-1) 
2L G peak 
Width(cm-1) 
Before 1584.1 5.9 1581.1 11.9 
After 1610.8 10.3 1621.8 10.3 
 1L 2D peak 
Position(cm-1) 
1L 2D peak 
Width(cm-1) 
2L 2D peak 
Position(cm-1) 
2L 2D peak 
Width(cm-1) 
Before 2681.2 20.8 4-components 4-components 
After 2705.7 38.8 2707.8 48.3 
 
Table 4.1 The comparison of G and 2D peaks of FeCl3 doped 1L and 2L graphene. 
 
We find that weakly bounded molecules on the outer surface of samples are 
desorbed by vigorous rinsing as shown in figure 4.4. For the single layer graphene 
samples, FeCl3 molecules are adsorbed on the top surface of the single layer graphene 
and possibly on the bottom interface between the graphene and SiO2 surfaces. Adsorbed 
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molecules can be simply removed from the surfaces by washing with acetone. The G 
peak shifts down continuously with increased washing according to the spectra recorded 
after each rinsing step. Doped single layer graphene is gradually restored to “undoped” 
graphene as adsorbed molecules are removed; however, the G peak of bilayer graphene 
does not shift back to the undoped value. The observed difference between single and bi 
layer graphene samples suggests the existence of stable FeCl3 intercalated molecules 
protected by the top and bottom graphene layers. Although moleulces are completely 
intercalated in graphene sheets initially the sample undergoes slight deintercalation as 
time goes on.  
 
 
Figure 4.4 Gradual downshifts of G peaks starting from ~1625cm-1 (the position of 
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Figure 4.6 Double Resonance for the 2D peak in (a) single layer and (b) double layer; 
(Figure extracted from ref 12) 
 
2D peak can be used as the proof to identify the layer numbers of pristine 
graphene, as it is originated from a double resonance raman mode around K point at the 
Brillouin zone as shown in figure 4.6.12 Single layer pristine graphene shows lorentzian 
2D mode with 35cm-1 fwhm while double layer shows 45cm-1 fwhm with 4 components 
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2D peak. Within double resonance, 2D raman scattering is a fourth order process 
involving four virtual transitions: (i) laser induced electron-hole pair creation. (ii) 
electron-phonon scattering with momentum close to q=K. (iii) phonon-electron back-
scattering with momentum close to q=-K (iv) recombination of electron-hole pair. For 
single layer, there is only one possible electron-hole pair creation for certain excitation 
energy while for double layers; there are two possible electron-hole pair creation 
pathways as shown in figure 4.6. For each pair creation, there are also two possible 
scattering pathways with momentum close to q=K. These 4 possible scattering routes 
enable 4 different components in 2D spectrum. Likewise, thicker graphene samples will 
have more components which is widely dispersed in 2D spectrum and will let the fwhm 
of 2D peak increase as the number of layers increase.  
FeCl3 intercalated several layers of graphene does not show many components 2D 
peak or widely dispersed 2D peak. Few layers graphene 2D peak can be easily fitted to 
single lorentzian peak which is similar to single layer graphene, as well as mis-oriented 
graphene or folded graphene.12-13 2D peak of FeCl3 intercalated double and triple layers 
can be easily fitted to single lorentzian peak which has similar shape to FeCl3 doped 
single layer graphene.  
There are several reasons for lorentzian like 2D peak shape. Firstly, the graphene 
to graphene layer distance increased from 3.4 to 9.4A.14-16 Thus, adjacent graphene layer 
cannot directly couple to each other easily as pristine graphene does. Second, graphene to 
FeCl3 interactions are incommensurate in structure because the lattice constant of FeCl3 
and graphene are 6.06 and 2.46A,1,14,16 not like alkali metal or bromine molecules does 
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 We also studied electrical transport properties of FeCl3 intercalated bilayer 
graphene.19 The quantum oscillations of conductivity with carrier masses of 0.15 and 




In summary, FeCl3 intercalated several layers of graphene can be prepared with 
conventional two zone method. Intercalated FeCl3 is stable and cannot be easily washed 
off by acetone. The doping is stronger for the intercalated FeCl3 than adsorbed molecules. 
FeCl3 intercalated several layers of graphene behaves as doped single layer graphene 
without coupling to adjacent graphene in electronic structure proved by Raman. This 
intercalated graphene layers provides a new opportunity to create a new class of 2-
dimensional functional materials. 
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Optical reflectivity and Raman Scattering in few layer thick graphenes  
highly doped by K and Rb.4 
 
We report the optical reflectivity and Raman scattering of few layer (L) graphene 
exposed to K and Rb vapors.  Samples many tens of layers thick show the reflectivity and 
Raman spectra of the stage 1 bulk alkali intercalation compounds (GICs)  KC8 and RbC8. 
However, these bulk optical and Raman properties only begin to appear in samples more 
than about 15 graphene layers thick.  The 1L to 4L alkali exposed graphene Raman 
spectra are profoundly different than the Breit-Wigner-Fano (BWF) spectra of the bulk 
stage 1 compounds.  Samples less than 10 layers thick show Drude-like plasma edge 
reflectivity dip in the visible; alkali exposed few layer graphenes are significantly more 
transparent than intrinsic graphene.  Simulations show the in-plane free electron density 
is lower than in the bulk stage 1 GICs.  In few layer graphenes, alkalis both intercalate 
between layers and adsorb on the graphene surfaces.   Charge transfer electrically dopes 
the graphene sheets to densities near and above 10+14 electrons/cm2. New intrinsic Raman 
modes at 1128 and 1264 cm-1 are activated by in-plane graphene zone folding caused by 
strongly interacting, locally crystalline alkali adlayers..  The K Raman spectra are 
independent of thickness for L=1-4, indicating that charge transfer from adsorbed and 
intercalated K layers are similar.  The Raman G mode is downshifted and significantly 
broadened from intrinsic graphene.  In contrast, the Rb spectra vary strongly with L, and  
show increased doping by intercalated alkali as L increases. Rb adlayers appear to be 
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disordered liquids, while intercalated layers are locally crystalline solids.  A significant 
intramolecular G mode electronic resonance Raman enhancement is observed in K 













4Portions of the material presented in this chapter were submitted to Nano Lett.  






Both single layer graphene and bulk graphite are semimetals with a low density of 
states at the intrinsic Fermi level, and relatively few metallic electron carriers.  Both show 
continuous featureless (“gray”) electronic spectra across the visible and IR.  Generally 
speaking, in such “metallic” systems without a HOMO-LUMO gap, the molecular Born-
Oppenheimer separation of electronic and vibrational degrees of freedom can be a poor 
approximation. One experimental consequence in graphene is nonadiabatic vibronic 
(electron-phonon) coupling of the 1580 cm-1 aromatic carbon stretching G vibration to 
the continuum of in-plane-polarized pi electron optical transitions.  This interaction 
influences the G mode Raman frequency, and creates a 10 cm-1 G phonon lifetime 
broadening due to decay into isoenergetic metallic electron-hole pairs.   Graphene can be 
modestly charged in gated field effect devices.1-2  Electron charging moves the Fermi 
level up to a position of higher pi* state density,  changes the pi electron optical spectrum, 
and thus modifies the vibronic coupling.  At a doping near 5.5 x 1012 electrons/cm2 , the 
Fermi level shifts by 0.3eV; this is accompanied by a ca. 10 cm-1 frequency upshift and 
narrowing of the G band.   Bulk graphite intercalation compounds (GICs) can exhibit far 
larger Fermi level shifts and electron-phonon coupling  due to charge transfer onto the 
graphene sheets.3 In the extreme case of stage 1 potassium intercalated graphite KC8, 
which has a dense atomic K layer between every graphene layer, the Fermi level shift is 
1.35 eV with a graphene free electron density approaching 5x1014 cm-2.   This extreme 
electron doping produces major changes in graphite electronic and optical properties.  
The optical spectrum shows a Drude-like optical plasma edge and reflectivity dip; KC8 
appears gold to the eye.  The G band Raman spectrum shows an asymmetric Breit-
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Wigner-Fano (BWF) lineshape downshifted to 1522 cm-1 with a lifetime broadening of 
about 150 cm-1.   In nonadiabatic electronic structure theory, the G Raman mode reversal 
from upshift to downshift occurs near  10+14 electrons/cm2 as the graphene lattice 
constant lengthens at high anti-bonding pi* electron density.4-5 One measure of this 
extreme electron-phonon coupling in KC8 is the 311 cm-1 difference between the 
calculated adiabatic and nonadiabatic G phonon frequencies; this difference is apparently 
the largest known for any material.3 This strong coupling of the G mode is also directly 
observed in ARPES photoemission studies6-7.    
In this paper we explore how the nonadiabatic electronic properties of alkali 
doped bulk graphite develop in few layer thick intercalated graphenes, as a function of 
the number of layers L, starting from a single graphene layer with adsorbed alkali atoms. 
We study both optical reflectivity and Raman scattering, as they reveal different aspects 
of the electronic structure.  
 
5.2 Experimental 
Single and few layer graphene pieces were deposited by Scotch tape mechanical 
exfoliation in air onto p-type Si wafer chips with 300nm thick SiO2 for Raman 
measurement and on quartz substrates for Reflectivity measurement.  The pristine 
graphene samples were characterized by Raman (on wafers) or Contrast (on quartz) to 
determine the number of layers in each piece for each measurement.  Thicknesses 
determined from Contrast measurements on quartz have an uncertainty of -+ one layer.  
Above 5 layers, thickness in Raman measurements on wafers are more uncertain. 
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Samples about 15 layers thick have a blue color to the eye in the optical microscope; 
samples we label “thick” , with many 10s of layers, have a yellow color.  Alkali metal 
exposure was performed in an air tight sealed pyrex or quartz cell initially evacuated to 
about 2 x10-5 Torr.  Alkali metal was initially cleaned with heptanes and handled under 
inert argon gas.  Cells containing alkali and  graphenes samples,  both on quartz and on 
wafers, were heated 5 minutes at 210C for potassium intercalation, and 160 C for the 
rubidium intercalation.  The calculated alkali pressures at the intercalation temperatures 
are ca. 3 Torr for Rb and 400 Torr for K.  The alkali exposed graphenes were 
subsequently characterized at room temperature 23C in the cell.  The cell contain excess 
alkali metal which effectively getters any remaining oxygen and/or water vapor.  Raman 
measurements were performed in the cell using a backscattering geometry. The spot size 
of the 514.5nm wavelength beam was ~1um2 focused using a 40X objective, and the 
spectral resolution was about 8 cm-1.8 For contrast and reflection measurements,9 light 
from an Oriel quartz tungsten halogen lamp passed through a 100 micron pinhole and 
was collimated by a f=300 mm achromatic lens doublet.  An iris cut down the diameter of 
the white light beam to about 2 mm, which was then focused to a 2 micron diameter spot 
by the microscope.  The microscope objective and the spectrometer were the same as for 
the Raman measurements.  We obtain a useful spectral range from about 400 to 850 nm, 
and we use a holmium perchlorate standard placed in the beam after the microscope to 
calibrate the spectrum.   To avoid intercalate desorption effects associated with laser 
heating, all the spectra has been taken at the laser intensity of 2mW for Raman 
measurement. The spectrum of all the samples we investigated did not change for several 
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hours with 2mW laser heating without moving the spot. For Contrast, white light 




Optical reflectivity is a direct measure of electronic response.  As a model for 
simulations, we use the known optical dielectric constants of graphene and bulk KC8 and 
initially assume them to be independent of sample thickness.  This approach works well 
for the reflectivity of undoped few layer graphenes as a function of thickness10.  From the 
dielectric constant we simulate the measured data:  ܥ݋݊ݐݎܽݏݐሺ߱ሻ ൌ ோ೒శೄିோೄ
ோೄ




 .  Here, Rg+s is the reflected light from graphene on substrate, 
Rs is the reflected light from a nearby spot on the bare substrate, and RM is the reflected 
light from a perfect mirror. In the limit of a thin film, Contrast is directly proportional to 








where ns is the quartz substrate index of refraction, and A is the thin film absorbance. We 
calculate Reflectance  and Contrast  as a function of L using Fresnel interference 
equations as described recently.12 Figure 5.1 shows experimental and simulated small L 
Contrast data before graphene exposure to alkali vapor. As previously reported the 
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Figure 5.2 (a) Reflectance simulation for stage 1 alkali metal intercalated graphene as a 
function of L from 1 to 500L. (b) Experimental reflectance of “thick” potassium 
intercalated graphite flake. 
 
In figures 5.3 the few layer graphene Contrast data upon exposure to K and Rb 
vapors are significantly weaker compared with undoped graphenes in figure 5.1. The data 
show a Drude type response with a pronounced reflectivity dip near 510 nm (2.43 eV).  
Figure 5.4 compares the 16±1L K data with simulations based upon both stage 1 and 
stage 2 bulk dielectric constants. The data run significantly below the stage 1 simulation, 
and higher than stage 2.  A 15% reduction in the stage 1 plasma frequency fits the rising 
free electron response in the red.  This intermediate result is generally valid for all L for 
both K and Rb.  Figure 5.5 shows in greater detail the 2L Contrast data before and after 
exposure to K vapor.  The reflectivity dip has shifted red from 510 nm at larger L to 
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Figure 5.6 Simulated contast of 12L graphene; Black line : 12L pristine grpahene, Red 
line : 12 units of stage 1 graphene, Blue line : 6 units of stage 2 graphene, green line: 4 
units of stage 3 graphene. 
 
Raman scattering  
Before alkali exposure, the low L graphene Raman spectra do not show a defect D 
band, indicating their high initial quality.  Figures 5.7 and 5.8 show our Raman spectra 
for K exposed graphenes in the G mode spectra region. For both alkalis at large L we 
observed a severely asymmetrically broadened BWF lineshape downshifted from 1580 
cm-1 to about 1450 cm-1, in agreement with literature Raman                        
spectra for the bulk stage 1 GICs15-19.  In the modern KC8 literature, this downshift and 
extreme broadening (ca. 150 cm-1) are attributed to coupling between the continuum of 
metallic  electron-hole states and the discrete phonon G mode state (E2g mode, in plane 
carbon-carbon stretching), in the presence of high Drude pi* free electron  density and 
Fermi level shift on the graphene sheets.  This high coupling is also directly observed in 
recent APRES photoemission data.6-7 The asymmetric BWF lineshape equation is: 
ܫሺ߱ሻ ൌ








Where 1/q is the coupling constant between continuum states and discrete state, and ωo is 
the central frequency.  Gamma is a measure of the broadening.  Similar  BWF shapes are 
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graphene sheets not in direct contact with K layers, as observed in the higher stage K  
bulk GIC Raman spectra.  
The Raman peak near 950 cm-1 from the underlying Si substrate is observed when 
the laser is transmitted through low L graphenes.  Figure 5.8 compares the alkali exposed 
and intrinsic graphene 2L Raman spectra; here the 950 cm-1 SiO2/Si substrate line is 
normalized to serve as an internal intensity standard.  The K spectrum is significantly 
more intense than the intrinsic graphene spectrum.  A “control” Raman spectrum of a 
bare spot on the silica covered wafer shows that  strong continuum scattering is observed 
after silica exposure to alkali.  This continuum also appears in the low L graphene spectra 
in figures 5.7, 5.8 and 5.9.  In the low L graphenes, there appears to be little continuum 
directly generated by the doped graphenes in comparison with the substrate continuum.  
In the thick bulk-like BWF spectra, however, there is little penetration of the laser 
through the sample to the substrate. The bulk asymmetric BWF lineshape is understood 
as interference between an electronic continuum and the discrete G phonon, both 
generated within the thick sample.  
The Rb exposed Raman spectra in figures 5.8 and 5.9 are different than both the 
bulk Rb intercalated spectrum, and the thin film K spectra. Moreover, the Rb spectra 
change strongly in the range L=1-4, in contrast with the equivalent K spectra.  For L=1~3 
the two new modes  at 1128 and 1264cm-1 are absent; yet as thickness increases they 
grow in intensity and are clearly observed at L=4.   For L=1 the G mode is a narrow 
symmetric peak at 1604cm-1, almost 40 cm-1 above the position for K exposed L=1.  For 
Rb in the range L=2-4 the G peak broadens and shifts to lower frequency, appearing at 




In both Raman and Reflectance experiments the incident optical beam is normal 
to the graphene sample, with the optical electric field polarized in the plane. The 
reflectance optical response is determined by the in-plane dielectric constant; we have no 
direct data on the out of plane dielectric constant as thickness changes. Corresponding, in 
our normal incidence, backscattering Raman geometry we observe only in-plane 
polarized Raman modes.  Hexagonal undoped graphene has only one allowed, in-plane 
polarized Raman mode  (the G mode) in our spectra region. 
Our reflectance and Raman data for large L alkali exposed graphene samples 
agree with published data for bulk stage 1 alkali intercalation compounds. As the alkali 
exposed graphene samples become thinner, we observe is a pronounced L dependence in 
the Raman data, while the Contrast data show decreased free electron density that varies 
more gradually with L. Both Contrast and Raman data show that many tens of layers are 
necessary before full stage 1 properties are observed.  
The Raman and Reflectivity experiments measure different aspects of the 
electronic response. Reflectivity measures a volume average free electron density, and 
has contributions from both pi* electrons on graphene, and remaining free electrons in 
the alkali metallic sheets.  The averaged free electron density in the bulk stages is 
primarily sensitive to the ratio between graphene and K free electron layers in the sample.  
It is less sensitive to whether the Fermi level is primarily in the graphene or K metal 
sheets.  In contrast, the in-plane G Raman spectra and electron-phonon coupling are 
controlled by the density of in plane free electrons on graphene.23  This difference can be 
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seen in the stage 3 bulk alkali GICs:  The Reflectance shows an averaged plasma 
frequency, while the G mode Raman spectra has contributions from individual graphene 
planes, one with high and one with low electron doping from the K layers.  In the bulk 
alkali GICs, the strong downshift of the G mode from 1580 cm-1 has been explained by 
the non-adiabatic effect of coupling with pi* electrons.3-4 The correlation between line 
width of in-plane phonon mode to the electron phonon coupling strength (phonon decay 
in electron-hole pairs) is strongly positive.3 The large line width of the G mode is caused 
by fast decay into metallic electron-hole pairs.  
In field effect devices, single layer graphene is capacitively charged with 
electrons by the gate potential. The strict hexagonal graphene Raman selection rules are 
not altered by such charging. However in alkali exposed small L graphenes with high in-
plane electron densities,  we observe new Raman lines at 1134 and 1267 cm-1. These 
modes are not the damage-related D mode.  They are intrinsic graphene modes made 
Raman active by symmetry lowering due to strongly coupled alkali adlayers. Such 
superlattice induced graphene Raman modes have been previously observed in graphite-
potassium-amalgam intercalation compounds.24  Alkali adsorbed and intercalated layers 
create a p(2x2) superlattice structure on graphite.25 In the graphene Brillouin Zone, the M 
point is zone-folded back to the Г point, and thus both Г and M phonons will be Raman 
active.   Chuji et al 26 calculated the Raman active phonon modes in MC8 compounds 
with zone folding, and made possible graphene assignments for the two new modes.  
Observation of these modes shows that our adsorbed and intercalated alkali layers are 
mostly complete and locally crystalline in our small L graphene samples. It also indicates 
charge transfer from K to graphene is stronger than observed in more weakly adsorbed 
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molecular species such as Br2.12,27 Substantial charge transfer creates a strong ionic 
interaction between the alkali and graphene layers, and effectively changes the 
electrostatic potential seen by the graphene pi electrons.  In locally crystalline Br2 
adsorbed and intercalated acceptor layers on few L graphenes, possible zone folding 
modes are not observed.  
The new Raman modes observed in the K data imply a dense and locally 
crystalline K adlayer exists on 1L and 2L, and interacts strongly with the graphene pi 
electrons. A recent paper reports the 1L Raman spectra as a function of K coverage in a 
quartz cell very similar to ours28: the observed saturation K spectrum is essentially 
identical to that in figure 5.7.  This supports the result that the K adlayers are essentially 
complete for 1L and 2L.  Yet we do not observe the full  BWF spectrum of bulk KC8, 
which develops very slowly with increasing L.   In addition, as discussed above, 
throughout this entire range of L the Contrast data show the volume density of free 
electrons in the thin film is lower than that of bulk stage 1 KC8.  In theory4 a G peak at 
1560 cm-1 downshifted from the uncharged 1580 cm-1 value indicates that the free pi* 
density on graphene is above 10+14 electrons/cm2, the density must be below the nearly 
5x10+14 electrons/cm2 value of bulk KC8. The 1L Raman spectrum for K shows charge 
transfer onto graphene from adsorbed layers is important, but not as strong as in the bulk 
KC8. The constant spectrum in the range 1-4L suggests that charge transfer from 
adsorbed K layers is about the same as from intercalated layers 
The K and Rb 1L Raman spectra are very different. The Rb spectrum does not 
show zone folding modes and has an upshifted G band, implying less charge transfer than 
with K. This result might suggest the only a small fractional coverage of Rb on graphene.  
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Yet, the presence of the alkali-induced substrate continuum in both K and Rb spectra is 
evidence that both samples have been exposed to an excess of alkali.  Instead, there is 
apparently some major difference in the structure of the adlayers.  The Rb 1L spectrum is 
very close to the stage 2 bulk Rb Raman spectrum which shows a G band of similar 
width at 1602 cm-1.  While the intercalated alkali layer in stage 1 Rb GIC is crystalline 
p(2x2) at 23 C; in stage 2 the metallic Rb layer is a disordered liquid at 23 C,  with a 
lower alkali atom planar density than in stage 129.   If the Rb adlayers on 1L graphene 
were a disordered liquid Xray study of the liquid and solid phases of the alkali metals in 
KC24 and RbC24-intercalated graphite single crystals of lower atom density in our 
experiment, and the K adlayers a locally crystalline p(2x2) solid, then this might explain 
the difference in the 1L Raman spectra. Disordered liquid adlayers would not induce zone 
folding.  
In comparison with the 1L spectrum, the 4L Rb spectrum develops zone folding 
modes, and shows greater charge transfer with a downshifted G band from 1604 cm to 
1560 cm-1.  This observation suggested the intercalated Rb layers in 4L have a very 
different structure than the adsorbed layers.  The intercalated layers could be closer to the 
crystalline p(2x2) layers of stage 1. Moreover,  the ~15 L Rb spectrum in figure 5.9 
appears to be a sum of the 4L spectrum and the BWF spectrum of the thick Rb sample. 
This suggests we might interpret ~15L as having interior layers yielding a BWF spectrum, 
and surface layers yielding spectra like the 4L spectra. For reference, Fresnel calculations 
show that about 85% of the Raman signal from bulk  KC8 is generated as the laser 
penetrates the first 100 layers; thus the broad bulk BWF Raman spectrum is generated 
many tens of layers deep in the bulk material.  
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It may be that bulk stage 1 GICs actually have different Raman spectra generated 
in their top layers close to the surface; this spectrum would be buried under the intense 
BWF spectrum coming from below. In this regard, the new Raman modes at 1134 and 
1267 cm-1 we see in the 4L alkali spectra seem to be washed out by the intense electronic 
continuum and broad BWF G mode in our thick nL spectra. In contrast, these new Raman 
modes are observed in the bulk KHgC8 amalgam GIC Raman spectrum previously 
mentioned.   The net charge transfer from metal to graphene is thought to be less in the 
bulk crystalline amalgam compound than in KC8. 30  
Both Rb and K form p(2x2) monolayers when adsorbed on bulk graphite at low 
temperature,25 with very little difference in calculated electronic or structural properties.31 
Both show a calculated electron transfer of about 0.1 electron per alkali atom, 
significantly less than the values typically calculated for the intercalated layers in the 
stage 1 GICs. Thus it seems reasonable that adsorbed layers on graphene might show less 
charge transfer than intercalated layers. 
  Overall, the Raman and Contrast data indicate a slow development of the full 
optical properties of bulk stage 1 GICs with increasing thickness. There may be several 
factors at work here: First, in small L samples exposed to vacuum, the dielectric 
stabilization of charge transfer should not be as strong as in the high dielectric constant 
environment that occurs deep in bulk KC8. Consistent with this idea, adsorbed metals on 
bulk graphite seem to show less charge transfer than intercalated layers deep in stage 1 
GICs.  The repeat distance along the Z axis should be longer if metal to graphene charge 
transfer is lower. This would make our small L alkali samples actually thicker than we 
assume in the simulations. A greater film thickness could explain the lower free electron 
98 
 
densities that we observe in Contrast data.  Less interaction with the graphene may create 
a disordered equilibrium adlayer as we have discussed for Rb. 
Second, the development of the full KC8 delocalization, along the perpendicular Z 
direction may be slow with increasing L, even in the region where the intercalated alkali 
is fully p(2x2) crystalline. The pi* band is localized in the graphene plane and shows no 
dispersion along Z in KC8. However, the Fermi level 1.35 eV above the Dirac point lies 
partially in the interlayer isotropic band on the K metal.32 In this regard, note that the Z 
axis electrical conductivity increases from 8.3/ohm-cm in intrinsic graphite to 
1.94x103/ohm-cm in KC8.33-34  This increase occurs despite the greater distance between 
graphene planes in KC8; current flows through the dense K layers.  Recently Boeri et al18 
have discussed the Z axis spatial dispersion of the interlayer electronic density remaining 
in the metallic layer, and Gruneis et al6-7 calculated a close relative spacing of interlayer 
and pi* bands at the Gamma point in KC8.  Nevertheless, a quantitative understanding of 
the KC8 Fermi level structure, and its development with thickness, require further 
theoretical work.  
In figure 5.8 the K  2L spectrum shows a strong G intensity enhancement with 
respect to graphene, despite the fact that the K 2L Contrast (and absorbance) at the laser 
frequency is less than that of  intrinsic 2L graphene.  We assign this enhancement to 
“intramolecular” graphene electronic resonance Raman enhancement, which has 
previously been observed and recognized in bulk GICs when the laser wavelength is near 
the pi-pi* interband optical gap created by doping.8-9,35  There should be no significant 
electromagnetic field enhancement for few layer graphenes.12  Note that the G mode 
Raman downshift and intensity enhancement, and the zone folding activation of new 
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graphene modes, are all larger for K than Rb.  This suggests that the pi-pi* interband 
optical gap, caused by charge transfer onto graphene, is larger for K and thus closer to 
resonance with the 514 nm laser. Yet the Contrast reflectivity data are similar for Rb and 




In conclusion, few layer thick graphenes with intercalated and adsorbed K and Rb 
layers show a lower free electron density than the corresponding bulk intercalated stage 1 
GICs. The Raman spectra indicate less metal to graphene charge transfer than observed 
for intercalated metals in the bulk GICs, yet new graphene Raman modes are activated by 
this interaction.  Previous nonadiabatic electronic  structure Raman theory calculations 
suggest that  few layer thick graphenes show free electron densities in the range 5x10+13 
to 5x10+14 electrons/cm2 for 4L and thinner samples, Rb exposed samples show less 
charge transfer than K exposed samples.  A  BWF Raman spectrum from intercalated 
interior layers develops as sample thickness increases.  Samples ~15 L thick appear to 
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